Monoterpenes released to air were determined during single-log barking of timber at a saw-mill and during tumble drum barking of pulpwood at a TMP mill. Characteristic roportions of fourteen compounds were assessed by adsorbent sampling and gas chromatography. For Scots pine (Pinus sylvestris), the bicyclic monoterpenes a-pinene and 3-carene predominated. For Norway spruce (Picea abies), a-pinene followed by /J-pinene were the major components. The proportions of /J-phellandrene and myrcenefrom spruce were remarkably high from barking compared to wood processing. Environmental aspects on the emissions tire discussed.
INTRODUCTION
Cortical terpenes of conifers such as Norway spruce interact in a complex manner in the forest ecosystem with insects (Lindstrom et al., 1989) as well as fungi (Schuck and Schiitt, 1975) . Basically, terpenes are emitted from bark wounds as . an integrated part of the defense mechanisms of the tree. Artificial barking therefore results in comparatively large monoterpene emissions to air. The monoterpenes are very reactive in air with short lifetimes (Atkinson et al., 1990) and give rise to a variety of photooxidants. Man-mediated emissions of monoterpenes are therefore of concern with respect to the phytotoxicity of many photooxidants. The present study of terpenes released during industrial barking was undertaken with these circumstances in mind.
In a previous study, monoterpenes from logging of Scots pine and Norway spruce were assessed (Stromvall and Peters son, 1991) . Industrial emissions from wood of Norway spruce were studied for groundwood pulp production (Stromvall and Peters son, 1990 ).
EXPERIMENfAL

Barking facilities
Timber barking was studied for a conventional Cambio machine of Swedish make.
The saw-mill was the Anneberg plant south of GOteborg with an annual production of 50 000 m 3 of sawed timber. The machine is placed in a separate building where samples were taken. The logs pass the machine one at a time while the bark falls down on a transport band. Exclusively Scots pine or exclusively Norway spruce were processed in alternating campaigns of several days. The timber had been stored for less then two months after logging.
Pulpwood barking was studied for a tumble drum of the Finnish make Vaplan (30 m in length and 5 m in diameter). The pulp mill was Bravikens Pappersbruk near Norrkoping on the Swedish east coast, producing 400 000 tons per year of thermomechanical pulp. Samples were taken near the barking drum from which bark falls out through slits in the drum. The drum is placed inside a building where pulpwood is entered at one end and barked pulpwood is delivered to chipping at the other. The pulpwood barked originates exclusively from Norway spruce. The supply was a mixture of fresh pulpwood and pulpwood stored for a few mounths.
Analytical technique
Tenax adsorbent cartridges were used for taking samples of -100 ml during 10-20 minutes. In the laboratory, the terpenes were thermally desorbed and analyzed by temperature-programmed (2°C min-I from O°C) gas chromatography with flame ionization detection. The column was a fused silica capillary (25 m x 0.33 mm i.d.) with a cross-linked methylsilicone (BP-I, 0.5 J,Lm) as the stationary phase.
Further analytical data were given in a recent study of monoterpenes from logging operations (StrOmvall and Petersson, 1991) .
RESULTS
Conclusive data for Scots pine and Norway spruce are given in Table 1 , expressed as the percentual composition of monoterpenes in terpene.;.polluted air.
The frrst two columns compare the barking of pine and spruce timber in the same machine, of the type normally used at saw-mills. The figures given are averages of several samples taken on one occasion for pine and on two occasions for spruce. The results for the simultaneously taken samples were very similar, and the differences between the two spruce sampling occasions were not significant.
For Scots pine, a-pinene and 3-carene predominate with p-pinene as the only addition!J1 component constituting more than 2% of total monoterpenes. For
Norway spruce, a-pinene followed by p-pinene are the major species, with 3-carene, p-phellandrene, and limonene following next, below the 10% level.
Among the minor monoterpenes, the proportions of tricyclene, camphene, and myrcene are higher for spruce than for pine, whereas the reverse is true for y-terpinene and terpinolene.
The third column of Table 1 gives data from the barking of Norway spruce pulpwood in a tumble drum of the type used at large pulp industries. The chromatogram reproduced (Fig. 1) illustrates the composition and the analytical . separation of the monoterpenes. The results differ from those for spruce timber barking by a lower proportion of a-pinene and higher proportions of myrcene, p-phellandrene, and limonene.
The late-eluting sesquiterpene hydrocarbons from the barking of spruce pulpwood were found to constitute -0.5% of the total monoterpenes. The major component, longifolene, amounted to -30% of the total sesquiterpenes.
TABLEt
Percentual composition of monoterpenes emitted to air during industrial barking and related operations. min.
DISCUSSION
Terpenes from bark and wood
The terpenes emitted during barking originate partly from the bark and partly from the more or less wounded outer sapwood. The fourth column of Table 1 gives data reflecting the average monoterpene content of bark-free spruce pulpwood. Essentially the same composition was observed in the emissions from groundwood pulp production from Norway spruce (Stromvall and Petersson, 1990) . Compared to barking, the proportion of a-pinene is higher from wood. This is partly explained by the distinctly higher content of a-pinene in heartwood compared to sapwood for Norway spruce (Schuck and Schiitt, 1975) . The most characteristic difference, however, is the several times higher proportion of myrcene and p-phellandrene from barking compared to wood. For spruce timber barking, the differences in composition compared to wood are qualitatively the same but not as large as for pulpwood barking. This may be explained by a larger contribution of wood monoterpenes from single-log barking, which is effected by rotating tools pressed towards the log. In the ~ bark may be removed with less wood wounds by the tumbling of the pulpwood logs against each other. The proportion of bark: compared to wood is also smaller in timber because of the larger diameter of the logs. The results correspond to an average of a large number of trees, thus eliminating differences between individuals. These may be significant as indicated by studies of the oleoresin from young shoots of German clones of Norway spruce (Esteban et al., 1977) .
The terpenes from barking might be expected to have about the same composition as the terpenes from cortical oleoresin exuded from bark wounds during logging. The last column of Table 1 gives the monoterpene composition reported for harvester logging of Norway spruce (Stromvall and Petersson, 1991) . The high proportion of p-phellandrene from logging is similar to that from barking and indicates a large contribution from cortical oleoresin. Supporting evidence is given by the low proportion of p-phellandrene not only in the wood but also in the needles of Norway spruce (Jiittner~ 1988). The major hydrocarbon monoterpenes in the needles are camphene, myrcene, limonene and a-pinene. Young twig tissues of buds, bark: and wood contain high proportions of myrcene and p-pinene (Bufler et al., 1990) . Consequently, the proportions of the monoterpenes released during logging indicate that they originate to a large extent from the stem. Several of the terpenes released from barking and logging were reported in similar proportions in an early comprehensive study of the oleoresin from fresh wounds in trunks of Norway spruce (Kimland and Norin, 1972) . In extracts of stem bark of Norway spruce, a large number of volatile components including terpenes have been identified (Heemann and Francke, 1977) .
For Scots pine, the observed monoterpene composition from timber barking is very similar to that reported from harvester logging (Stromvall and Peters son, 1991) . Except f6r a higher proportion of 3-carene from barking, the composition is also similar to that observed for monoterpenes released from wood of Scots pine (Flodin and Andersson, 1977) . The cortical oleoresin of young shoots of Swedish Scots pine is normally very rich in 3-carene, although the content is very variable between regions (Yazdani and Nilsson, 1986) and varieties (Thorinand Nommik, 1974) . The monoterpene composition of Scots pine wood from different parts of Europe is also remarkably variable (Hafizoglu, 1983) . It is concluded that the results given for barking of Norway spruce are more widely valid than those for barking of Scots pine.
Environmental aspects
Barked timber, mainly from pine and spruce, is sawed at -2000 Swedish saw-mills with an average annual production of 5000 m 3 • The terpenes released during barking as well as those from sawing and sawed products are emitted to air.
The terpenes are mixed with nitrogen oxides from heat supply units to give photochemically reactive emission plumes. The Swedish environmental authorities estimate the total terpene emissions from saw-mills to 25 000 tons per year.
Approximately 30 million m 3 of barked pulpwood is processed annually in the Swedish pulp mills. Almost 15 000 tons of turpentine is recovered, mainly from the digesters of the large kraft pulp mills. These mills process mainly the terpene-rich wood of Scots pine, mixed with wood from spruce and birch. Several large mills, notably those producing mechanical and thermomechanical pulp, process exclusively Norway spruce. Throughout, the terpenes from pulpwood barking are emitted to air, normally close to other process emissions. At the kraft and sulphite pulp industries, the terpene emissions are mixed with large emissions of both sulphur dioxide and nitrogen oxides. The mechanical pulp industries coemit considerable amounts of nitrogen oxides. Emission plumes of increased toxicity may also arise from interactions with traffic emissions (Stromvall and Petersson, 1990) .
Environmental demands concerning terpene emissions to air from barking are likely to be based on the need for tackling the phototoxidant problem. The increased content of the very reactive (Atkinson et al., 1990 ) myrcene renders spruce barking emissions even more photochemically reactive than terpenes from wood processing. Unfortunately, turpentine recovery or incineration of emitted terpenes may be more difficult to realize for barking than for pulpwood processing. A means of avoiding detrimental interactions with other process emissions is to locate the barking facilities far from the industry. Photooxidant
